In living cells, the cytoskeleton connects to the extracellular environment through focal adhesions, multimolecular structures that can sense applied force. A model is presented that for the first time explains why the focal adhesions tend to high-curvature regions at the cell periphery. It is based on experimental evidence for positive feedback between adhesion formation and assembly of actomyosin bundles (stress fibers). The model predicts that the focal adhesions propagate by treadmilling with a velocity proportional to the integrin diffusion coefficient. DOI: 10.1103/PhysRevLett.93.268109 PACS numbers: 87.16.Ka, 05.45.-a, 87.16.Ac Living cells actively change shape and move by converting chemical energy into mechanical forces. The cytoskeleton, a complex network of polymers, plays an important role in these processes. The key cytoskeletal structures involved in active force generation are stress fibers, needle-shaped bundles of actin filaments interacting with myosin motor proteins [1] . Stress fibers are connected to the cell membrane by anchoring at complex micron-size multimolecular structures known as focal adhesions [1], through which forces are transmitted to surrounding tissues. Although the detailed mechanism of stress fiber assembly remains uncertain, current observations point to two major steps: establishment of focal adhesion sites and association of actin and myosin into contractile bundles, each connecting two such sites [2, 3] .
In living cells, the cytoskeleton connects to the extracellular environment through focal adhesions, multimolecular structures that can sense applied force. A model is presented that for the first time explains why the focal adhesions tend to high-curvature regions at the cell periphery. It is based on experimental evidence for positive feedback between adhesion formation and assembly of actomyosin bundles (stress fibers). The model predicts that the focal adhesions propagate by treadmilling with a velocity proportional to the integrin diffusion coefficient. DOI Living cells actively change shape and move by converting chemical energy into mechanical forces. The cytoskeleton, a complex network of polymers, plays an important role in these processes. The key cytoskeletal structures involved in active force generation are stress fibers, needle-shaped bundles of actin filaments interacting with myosin motor proteins [1] . Stress fibers are connected to the cell membrane by anchoring at complex micron-size multimolecular structures known as focal adhesions [1] , through which forces are transmitted to surrounding tissues. Although the detailed mechanism of stress fiber assembly remains uncertain, current observations point to two major steps: establishment of focal adhesion sites and association of actin and myosin into contractile bundles, each connecting two such sites [2, 3] .
Focal adhesions not only provide the physical link between the cytoskeleton and the extracellular matrix (ECM) but also serve as a cell's tactile device probing the rigidity of the external environment [4 -7] . Although the nature of mechanical sensing by focal adhesion is not fully understood, several possible mechanisms have been proposed [8] and a growing body of evidence suggests that the traction forces developed at the contact sites increase the rate of assembly of focal adhesions [9] [10] [11] . In particular, the traction generated at a ''mature,'' stationary focal adhesion was found to be proportional to its surface area.
Recent experimental discoveries point to another intriguing feature of stationary cells: most of them tend to organize long stress fibers, with large focal adhesions concentrating at the cell periphery in high-curvature regions [12 -14] . A number of important questions arise from these observations. Could an adhesion/stress fiber interaction lead to this self-organizing behavior? Why is the homogeneous distribution of adhesions disfavored? Why do adhesions tend toward the cell periphery? What determines the time scale of adhesion redistribution? In this Letter we introduce a model that answers these questions and provides a quantitative framework for the interpretation of experimental observations. Consider a stationary cell with a given geometry (Fig. 1 ). For simplicity, we will follow the dynamics of only the key surface receptors mediating adhesion assembly, integrins, while the detailed kinetics of other adhesion proteins is omitted. Because the numbers of stress fibers and integrins are large enough we describe them in terms of their densities and concentrations.
Adhesions are characterized by the local density of the integrins bound to ECM, X; t m ÿ2 . According to experiments, this density increases in proportion to the magnitude of the force (per unit area), jFX; tj, generated at the adhesion site by stress fibers [9] , and the local concentration of unbound integrins, X; t m ÿ2 . Also, adhesions can disassemble with a constant rate k ÿ1 . Unbound integrins are free to diffuse in the cell membrane with the diffusion coefficient D. We assume random isotropic nucleation of stress fibers at the adhesion sites, with the rate proportional to the adhesion size. Therefore, the force generated by a stress fiber grows in proportion to the number of integrins in each of the adhesions it connects. The corresponding rate constant, k 2 f 0 (f 0 is the force generated by a ''unit'' actomyosin filament) is assumed, for simplicity, to be independent of distance between the FIG. 1. Schematic representation of adhesion-stress fiber interaction (top view of a thin cell lying on a flat 2D substratum). Tension generated along the stress fibers causes focal adhesions to stabilize and grow. Unbound integrins freely diffuse in the 2D cell membrane. New stress fibers, are nucleated at focal adhesions.
adhesions. This is in line with the fact that long and short stress fibers are observed in roughly equal proportion in nonmoving cells. Bundles can also disassemble with a constant rate k ÿ2 . Overall, the model is described as follows:
The first two equations represent mass conservation of the bound and free integrins; k 0 is the rate of forceindependent assembly of adhesions. Typically, k 0 k ÿ1 , which follows from the observation that cells form only small adhesions if the generation of force is inhibited [9] . The third equation, a kinetic law for the force FX; t, is obtained by integrating forces produced by all stress fibers originating at point X [15] . In the present form, the model includes eight parameters: 
where
, andD D=jjk ÿ2 are the nondimensional parameters of the model. The typical cell size is 30 m, and time scales are as follows: seconds for binding/unbinding of integrins from adhesions [9] , minutes for assembly/disassembly of stress fibers [2] , and D 10 ÿ4 -10 ÿ1 m 2 =sec [16] . This yields the following ranges for nondimensional parameters: 0 10 ÿ3 ÿ 10 ÿ1 , 10 ÿ2 ÿ 1, 10 4 ÿ 10 2 ,D 10 ÿ5 ÿ 10 ÿ2 . The analysis of the steady state is particularly simple and instructive in the case with D 1 and large k 2 and k ÿ2 so that the stress fibers are in instantaneous equilibrium with the adhesion density field cx. In this case, the redistribution of focal adhesions is driven by their interaction with the self-induced force field E f=c R cx 0 ; x 0 ÿ x=jx 0 ÿ xjd 2 x. In dimensional units E is of the order of f 0 , and represents the force acting on a unit integrin at point x. One then can show that for any distribution cx, jEj increases from a unique point inside the cell where jEj 0 to the boundary @ 0 [17] . Because c is spatially uniform in this case, it follows from the first of Eqs. (2) that the local concentration of adhesions always grows faster at the periphery and eventually adhesions will accumulate in an infinitely small boundary layer, just as free charges in a conductor are pushed out to the surface by their selfinduced electric field [18] . In the further steady-state analysis, because the adhesion density at the boundary rises to infinity, it is convenient to switch from concentrations and densities to the ''mass-type'' variables M, such that c dM=dx. ''Masses'' are bounded, and therefore attain steady-state values if they exist.
We now turn to a rigorous analysis of a general 1D case (D <
where M0 ÿ [20] . Stability of these solutions can be established analytically for the case 0 0 . The results that turned out to be independent ofD and are shown for 0 0 in Fig. 2(a) . In the inactive state, ''weak'' adhesions are distributed over the whole cell surface, whereas in the active state, along with distributed small adhesions, the cell has two large adhesions located at the periphery points x 0 and x 1 [ Fig. 2(b) ]. In the region of bistability, < 1=8, in the limit 0 ! 0,D ! 1, the domain of attraction of the active state is determined by a critical initial amount of bound integrins. This threshold drops as decreases. Numerical experiments with realistic values ofD and 0 show similar trends. Thus, the system is most likely to be active when is small (integrins firmly associate with ECM), which is typical for the wild-type cells [ Fig. 4(b) ]. One way to increase is by impeding fiber formation. Indeed, continuous adhesion distributions observed in mutants with the inhibited assembly of stress fibers [21] is consistent with the inactive state of the model. Dynamics of the 1D system have been studied numerically. Simulation results in Figs. 3(a)-3(c) illustrate the specific way in which adhesions, initially concentrated in the center of a 1D fragment, move to its end points. This movement occurs in a treadmilling manner. At the initial stage, the density peak splits into two because of the zero net force at its midpoint. As disassembly of adhesions in the space between the peaks continues, the released integrins get recruited at the fronts almost immediately, because of fast binding and slow diffusion. A steep gradient of free integrins (see Fig. 3 ), which is due to substantial difference in the rates of binding at the rear and the front of the peaks, leads to diffusion of free integrins ahead of the front, and therefore drives treadmilling of adhesions towards the periphery. The dynamic redistribution of adhesions to the cell periphery was observed experimentally [ Fig. 2(a) in [21] , Fig. 1 (a) in [22] ]. Moreover, isolated aggregates of bound integrins, mimicked by the initial conditions in Fig. 3(a) , were indeed shown to transform into expanding circles or quasi-1D ''doublets,'' as stress fibers were being formed [ Fig. 3(d) ] [23] .
Of particular interest is an estimate of the time necessary for adhesions to move to the cell periphery. This estimate can be obtained by approximating a solution of Eqs. (2) as traveling waves propagating in opposite directions. The wave velocity, v, can then be obtained by direct substitution of a traveling wave solution into Eqs. (2) . In the case of slow diffusion, D p c int = p 1 (also, 0 ), this yields v /Dc 2 int = ( c int is the concentration of free integrins in the interior between the peaks and is of the order of ). As the peaks approach the boundary, they either accumulate at the end points or disperse, depending on the parameter values (see Fig. 2 ).
Note that in the diffusion-limited case, v depends onD in our model as v /D=, =c 2 int , in contrast with v / D p , commonly found for waves in reaction-diffusion systems. Our situation is somewhat analogous to the ''firediffuse-fire'' type of intracellular calcium waves [24] , where diffusive Ca ion is released at discrete sites separated by a distance l when local Ca concentration exceeds a certain threshold. In this case, if l is large, Ca diffusion (D Ca is a diffusion coefficient) is the most time-consuming step, and v / D Ca =l. In our case, diffusion is also a limiting step and ''firing'' is the release of integrins from the rear of the peak. In order to trigger this event, free integrins should diffuse from the rear to the front in the amount exceeding a certain threshold. This threshold amount must be comparable with that in the peak, as these integrins balance the force in the rear after they get bound. This means that the ''threshold diffusion length'' is of the order of the peak width. Because diffusion on this length occurs in the presence of fast and strong binding, the effective diffusion coefficient is D eff D= where =c 2 int is the length that would be occupied by the threshold amount of integrins in the free form. Finally, as diffusion is the timelimiting process, v / D eff = D= .
The basic property of the 1D model is preserved in a realistic 2D case: large focal adhesions tend to relocate to the cell periphery [ Fig. 4(c) ]. Qualitatively, this behavior can be explained based on the following observations. The net force acting on adhesions in the central region of the cell is small because the stress fibers growing in different directions compensate each other's actions. At the periphery, on the other hand, fibers are directed into the interior of the cell and the net force is relatively large. Therefore, at the periphery adhesions will assemble more rapidly than in the central region. This translocation will alter the orientation of the stress fibers with most of them growing from the periphery. Such a positive feedback will ultimately result in accumulation of adhesions at the boundary.
The numerical solution of Eqs. (2) on a square [ Fig. 4(c) ] can be directly compared to the experimental data on cells cultured on square islands of substratum [ Fig. 4(b) ] [12] . The main trend observed in the experiment appears to be in close agreement with the theory: focal adhesions relocate to the cell periphery and concentrate at the corners, i.e., at the regions with the highest boundary curvature (see also experiments by Brock et al [13] for a variety of substratum island shapes).
Interestingly, the fact that the steady-state adhesion distribution at the cell boundary follows qualitatively the curvature of the boundary (Fig. 5) is reminiscent of the electrostatic distribution of charges over the surface of a conductor [18] , though in our case, as follows from Eqs. (2) with 0 , this distribution is approximately governed by the integral equation jEj const, E R cx 0 x 0 ÿ x=jx 0 ÿ xjd 2 x. This property of the adhesion distribution in our model can be qualitatively understood based on the observation that at the high-curvature regions, the sum of unit vectors directed along stress fibers is amplified. The required net force field can therefore be achieved with lower than average concentrations distributed outside the high-curvature region thus leading to higher than average concentration at the locations with high-curvature.
In conclusion, long stress fibers and a highly nonuniform distribution of focal adhesions are explained by the positive feedback between cell contractility and adhesion. Although the assembly/disassembly processes are relatively fast, the redistribution of adhesions occurs on the slow time scale determined by diffusion of free integrins. The model predicts that this slow time scale is in hour range, which is in agreement with observations [23] .
Note that our theory directly applies to stationary cells. In moving cells, the situation is more complex: enzymatic activities regulate the adhesion dynamics at the cell leading edge differently from that in the cell interior [25] . However, in moving cells, large adhesions also tend to translocate to the cell edge [26] . The model, therefore, captures general features of adhesion/contractility dynamics and can be extended to account for more complex processes in moving cells. 
